Alternative polyadenylation (APA) is a widespread post-transcriptional mechanism that regulates gene expression through mRNA metabolism, playing a pivotal role in modulating phenotypic traits in rice (Oryza sativa L.). However, little is known about the APA-mediated regulation underlying the distinct characteristics between two major rice subspecies, indica and japonica. Using a poly(A)-tag sequencing approach, polyadenylation (poly(A)) site profiles were investigated and compared pairwise from germination to the mature stage between indica and japonica, and extensive differentiation in APA profiles was detected genome-wide. Genes with subspecies-specific poly(A) sites were found to contribute to subspecies characteristics, particularly in disease resistance of indica and cold-stress tolerance of japonica. In most tissues, differential usage of APA sites exhibited an apparent impact on the gene expression profiles between subspecies, and genes with those APA sites were significantly enriched in quantitative trait loci (QTL) related to yield traits, such as spikelet number and 1000-seed weight. In leaves of the booting stage, APA site-switching genes displayed global shortening of 3 0 untranslated regions with increased expression in indica compared with japonica, and they were overrepresented in the porphyrin and chlorophyll metabolism pathways. This phenomenon may lead to a higher chlorophyll content and photosynthesis in indica than in japonica, being associated with their differential growth rates and yield potentials. We further constructed an online resource for querying and visualizing the poly(A) atlas in these two rice subspecies. Our results suggest that APA may be largely involved in developmental differentiations between two rice subspecies, especially in leaf characteristics and the stress response, broadening our knowledge of the post-transcriptional genetic basis underlying the divergence of rice traits.
INTRODUCTION
Rice (Oryza sativa L.) is one of the most important cereals that serves as a staple food worldwide. Asian cultivated rice is classified into two major subspecies (Wang et al., 2018) , indica and japonica, with apparent differentiations in morphological and physiological characteristics, including grain shape, apiculus hair length, leaf color and structure, leaf photosynthesis and grain yield (TsuNooA and Aminul, 1968; Khush, 1997; Zhu et al., 2014) . Due to their different origins, domestication selection and growth environments (Vaughan et al., 2008; Huang et al., 2012) , the two subspecies exhibit various environmental adaptations: indica has a higher heat-stress tolerance and higher nitrateabsorption activity whereas japonica has a higher tolerance to low temperatures (Wang and Li, 1997; Hu et al., 2015; Zhang et al., 2016) . Many studies have employed genomewide comparative analysis of metabolomics and transcriptomes to address the molecular mechanisms underlying the morphological and physiological divergence between the two subspecies (Liu et al., 2010b; Zhang et al., 2012 Zhang et al., , 2016 Jung et al., 2013; Nguyen et al., 2015; Yoo et al., 2017) . For instance, overexpression of the genes involved in the thiamin biosynthetic process and the sucrose metabolic process was found to be associated with higher yield potential in indica (Nguyen et al., 2015) , and different levels of antioxidant-related genes and metabolic compounds in the two subspecies contributed to their distinct chilling tolerances (Zhang et al., 2012 (Zhang et al., , 2016 . However, most research has focused on the molecular mechanisms responsible for the distinct traits between the two subspecies at the transcriptional level rather than the post-transcriptional level, where our knowledge remains limited, particularly regarding regulation of polyadenylation.
In eukaryotes, 3 0 end mRNA polyadenylation (poly(A)) is an essential process for producing mature mRNA, and includes two key steps: endonucleolytic cleavage of a precursor mRNA (pre-mRNA) and subsequent addition of a poly(A) tail (Elkon et al., 2013; Proudfoot, 2016) . More than 50% of protein-coding genes have been found to possess more than one cleavage and polyadenylation site, which can give rise to multiple transcript isoforms, a process termed 'alternative polyadenylation' (APA) (Elkon et al., 2013; Mayr, 2016; Proudfoot, 2016; Tian and Manley, 2017) . Alternative polyadenylation is a crucial and ubiquitous way to modulate gene expression, mRNA metabolism and function at the post-transcriptional level by regulating the inclusion or exclusion of a specific segment of a mRNA sequence, such as target sites for microRNAs (miRNAs) or RNA-binding proteins (RBPs) (Xing and Li, 2011; Mayr, 2016; Tian and Manley, 2017) . Alternative polyadenylation in the 3 0 untranslated region (3 0 UTR) of pre-mRNAs is the most frequent event and leads to the production of different mRNA isoforms with unchanged protein sequences (Sun et al., 2012; Tian and Manley, 2017) . Alternative polyadenylation that occurs in the upstream region of premRNA (5 0 UTR, introns or protein-coding regions) can alter protein product synthesis or generate transcripts without a translation termination codon (non-stop mRNAs) that are rapidly degraded through the non-stop decay mechanism (Vasudevan et al., 2002; Yao et al., 2012; Tian and Manley, 2017) . Genome-wide APA profiles have been found to be specific to different species or tissues (Derti et al., 2012; Liu et al., 2017) ; for example, largely different APA atlases were found in two yeast species, with Schizosaccharomyces pombe showing global 3 0 UTR lengthening that was opposite to that in Saccharomyces cerevisiae.
In plants, the APA-mediated regulation of gene expression has a large impact on various plant biological processes, such as flowering time control (Simpson et al., 2003; Hornyik et al., 2010; Liu et al., 2010a) , plant morphogenesis (Xing et al., 2008a) and environmental responses (Thomas et al., 2012; de Lorenzo et al., 2017) . In japonica, poly(A) dynamics were uncovered during developmental stages (Shen et al., 2011; Fu et al., 2016) , and the average 3 0 UTR length was found to become longer from germination to the mature stage in rice (Fu et al., 2016) . Moreover, quantitative trait loci (QTLs) prefer to harbor APA genes, suggesting a certain effect of APA in QTL regulation in japonica by increasing the diversity of transcripts (Fu et al., 2016) . Meanwhile, the highly expressed APA genes are enriched in yield-related QTL traits, indicating that APA may play a pivotal role in the grain yield of japonica (Fu et al., 2016) . However, the role of APA in another rice subspecies, indica, remains unclear. Furthermore, no comparative analyses have been conducted to examine the use of different APA sites and the underlying regulatory mechanisms of different morphological and physiological characteristics between indica and japonica. In this study, we investigated the genome-wide landscape of poly(A) sites (poly(A) profiles) in indica across different tissues and developmental stages, and further constructed an online resource 'RiceAPA' for querying and visualizing the poly(A) atlases of the two rice subspecies. Moreover, we conducted a systematic comparative analysis of poly(A) profiles, together with measurements of subspecies' physiological characteristics, to examine APA differentiations and the functional consequences in indica and japonica. Our study will shed light on the distinct roles of APAmediated post-transcriptional regulation on the growth, development and environmental adaptations in the two rice subspecies.
RESULTS

Distinct landscapes of poly(A) profiles between indica and japonica
To obtain the atlas of poly(A) sites in indica we constructed and sequenced 42 poly(A) tag-sequencing (PAT-seq) libraries for 14 samples (three biological replicates for each sample) of O. sativa ssp. indica cv. 93-11 (herein indica), including dry seeds, embryo, endosperms, seedlings, roots, leaves, stems, husks, anthers, pistils and mature pollen collected from six key developmental stages of rice ( Figure 1 , Table S1 in the online Supporting Information for details). We obtained 1.54-5.91 million clean reads (poly(A)-tags, PATs) from each of the 42 libraries that were uniquely mapped to the reference genome of indica (ASM465v1 ; Table S1 ). Clustering analysis showed consistent expression patterns in the three biological replicates of each sample, suggesting good repeatability ( Figure S1 ).
To access the genome-wide difference in APA site usage between the two rice subspecies, comparative analysis was carried out between the PAT-seq datasets of indica and those from the corresponding tissues and developmental stages of O. sativa ssp. japonica cv. Nipponbare (herein japonica) (Fu et al., 2016) . First, we examined the distributions of PATs in different genomic regions, 3 0 UTR and non-3 0 UTR [5 0 UTR, promoter, coding sequence (CDS), intron and intergenic regions] in the two subspecies. In both subspecies, more than 75% of PATs across 14 samples were located in the 3 0 UTR (Figure 2a ), suggesting that 3 0 UTR poly(A) is the most frequent event in the two subspecies. Only in leaves (20-day-old and 60-day-old leaves) did indica exhibit a higher percentage of 3 0 UTR PATs (PAT%) than japonica; in other samples of indica, especially dry seeds, the 3 0 UTR PAT% was lower than that in japonica (Figure 2a ). For those PATs mapped to non-3 0 UTR regions, the PAT% exhibited apparently different patterns across 14 samples between the two subspecies (Figure S2 ). For instance, intronic PAT% in indica was higher in the samples of mature and germinating stages than those in japonica, but lower in other stages ( Figure S2 ). We also depicted single nucleotide profiles ranging from 100 nucleotides (nt) upstream to 100 nt downstream of cleavage sites within different genomic regions across 14 samples in the two rice subspecies using a previously described method . Except for the introns of mature pollen, there was no obvious difference in signal profiles in any of the samples between subspecies ( Figures  S3 and S4 ). The samples in two rice subspecies contained 46-52% AAUAAA and its 1-nt variant near upstream element poly(A) signal ( Figure S5 ; Table S2 ).
To compare the poly(A) sites of orthologous genes across the genome between the two subspecies, coordinates of PATs of the indica genome were first transformed to the japonica genome using the method described in Derti et al. (2012) . A total of 11.17 million (95%) PATs in indica were successfully converted into the corresponding genomic coordinates of japonica, most of which were mapped to the 3 0 UTR in the japonica genome ( Figure S6 ). The PATs from both subspecies lying within 24 nt of each other on the same strand were then clustered into one poly(A) cluster (PAC) to reduce the impact of micro-heterogeneity (Vinciguerra and Stutz, 2004; Wu et al., 2014) , and a total of 50 597 PACs were generated and distributed in 25 068 genes ( Figure S7a,b) . In both subspecies, most of the PACs in all samples were distributed in the 3 0 UTR (62-71%), followed by the intergenic region (20-29%), intron (7.3-8.9%), CDS (0.7-1.4%) and 5 0 UTR (0.5-0.7%) (Figure S7c) . Among the 14 samples, mature pollen contained the most tissue-specific poly(A) sites in both subspecies, following by dry seeds in indica and 60-day-old leaf in japonica (Data S1). Moreover, consistent with the PATs (Figure 2a ), the percentages of PACs within the 3 0 UTR in leaves of indica were higher than those in japonica (Figure S7c) , indicating clear differences in the global poly(A) profiles, especially in leaves.
Evolutionary conservation of APA profiles across distinct tissue types in the two subspecies
Principal component analysis (PCA) and Pearson's correlation analysis were performed for 43 601 common PACs to explore the evolutionary conservation of usage of poly(A) sites across different tissues of each subspecies, as well as between the matched tissues of the two subspecies. The results showed that PACs in the matched tissues of the two subspecies exhibited greater similarities ( Figure 2b ) and higher Pearson's correlation values than those among different tissues of the same subspecies ( Figure S8 ). This finding indicated that APA profiles at the tissue level were more conserved than at the subspecies level. Subspecies-specific poly(A) site usage was relevant to different disease defense and glutathione metabolism of the subspecies
There were 1151 and 5845 subspecies-specific PACs identified in indica and japonica, respectively ( Figure S7b ).
Single nucleotide profile analysis showed that T nucleotide usage in the 3 0 UTR far-upstream element (FUE) of indica-specific PACs was higher than that in common and japonica-specific PACs ( Figure S9 ). Functional enrichment analysis was conducted for the subspecies-specific PACs PA1 represents the APA isoform using CDS sites of Xa1; PA2 represents the isoform using 3 0 UTR sites of Xa1; PA1 + PA2 represents the sum of the expression level of above two APA isoforms. Values shown are means AE standard error of the mean from three independent replicates. *P< 0.05, ns, P > 0.05. (f) Results from a virulence assay by leaf clipping inoculation. Lesion lengths 14 days after inoculation on 4-week-old plants are shown for the strains indicated. (g) The enriched pathways of unique expressed PACs in japonica involved in glutathione (GSH) metabolism. Pink triangles represent the genes encoding key enzymes with japonica-specific PACs. Gray rectangles represent key metabolic proteins without japonica-specific PACs in the pathway of glutathione metabolism. GST, glutathione S-transferase; GR3, glutathione reductase; GSS, glutathione synthetase; NADP, 6-phosphogluconate dehydrogenase; APX, ascorbate peroxidase; GSSG, disulfide glutathione.
to access their biological significance. Gene Ontology (GO) enrichment analysis showed that 311 indica-specific PACs were overrepresented in four GO terms in the biological process (BP) category (Figure 2c ) related to abiotic and biotic stress responses, whereas japonica-specific PACs in 2647 genes were significantly enriched in another four BP terms, such as 'single-organism metabolic process' and 'abscission' (Figure 2c ).
In the four enriched GO terms of Indica, 10 genes were involved in defense, including R genes encoding nucleotide binding site-leucine rich repeat (NBS-LRR) disease resistance proteins, Xa1 and the stripe rust resistance protein gene Yr10. More than half of the indica-specific PACs in R genes were located in the CDS region, whereas the R genes in japonica exclusively used the PACs within the 3 0 UTR (Figure 2d ). In particular, two isoforms with different 3 0 ends were identified in Xa1 (LOC_Os02 g16270), which confers resistance in rice to the causal pathogen of bacterial blight, Japanese race 1 of Xanthomonas oryzae pv. oryzae (Xoo) (Yoshimura et al., 1998) . The shorter isoform was specifically detected in indica derived from its specific use of a proximal site within the CDS, whereas the longer one was only found in japonica due to the usage of the 3 0 UTR APA site (Table S3) . These results were validated by quantitative RT-PCR (qRT-PCR) (Figure 2e ). Correspondingly, Xoo inoculation experiments showed that indica was more sensitive to bacterial blight than japonica (Figure 2f ), which may be attributed to the different poly(A) site usage of Xa1 between the two subspecies. Furthermore, indica-specific PACs were exclusively possessed in another two genes, OsHSP80.2 and OsHSP40, which encode heat shock proteins (HSPs) ( Table S3 ). In OsHSP80.2, two isoforms derived from the 3 0 UTR and intronic poly(A) sites, respectively, were specifically highly expressed in indica.
Comparatively, japonica-specific PACs were significantly enriched in the metabolism and biosynthesis pathways of glutathione (GSH) and its precursors, such as cysteine and methionine metabolism and nitrogen metabolism (Figure 2g ; Figure S10 ). Of them, the gene (LOC_Os10g28000) with a 3 0 UTR PAC and the gene (LOC_Os11 g42350) with an intron and 3 0 UTR PAC respectively encoded key antioxidant enzymes glutathione reductase (GR3) and glutathione synthetase (GSS) for GSH synthesis (Wu et al., 2015) . Moreover, these two genes were expressed at higher levels in japonica than in indica. Another gene, ascorbate peroxidase (APX), with three japonica-specific PACs was also overexpressed in japonica ( Figure 2g ). These results suggest that subspecies-specific poly(A) site usage may be involved in the differences in disease defense and GSH metabolism between indica and japonica.
Distinctly differed APA profiles affect the variation of subspecies' agronomic traits
Using the DEXSeq package (Anders et al., 2012) , 11 154 differentially expressed PACs (DE PACs) were identified in 6120 genes out of 94 604 APA genes (harboring at least two poly(A) sites) between the two subspecies (adjusted P-value < 0.001).
In all samples, 65-73% of the DE PACs were located at the 3 0 UTR, followed by the intronic region (23-29%; Figure 3a) . Samples of the booting stage, especially 60-day-old leaf, had higher numbers of DE PACs than other stages ( Figure 3a) . Enrichment of QTLs was carried out for DE PACs across 14 samples to investigate the impacts of different poly(A) usages on the variations in agronomic traits between indica and japonica. The samples of the booting stage were highly enriched in QTLs for the main trait categories of yield, vigor and abiotic stress (Table S4, Figure S11 ). For each main QTL trait category, we then calculated the number of DE PACs in each minor QTL trait. As shown in Figure 3(b) , most of the DE PACs were located within important QTL traits, such as primary branch, plant height, spikelet number and 1000-seed weight. These findings indicated that differential APA usages between the two subspecies might contribute to their variations in agronomic traits across the developmental process.
3
0 UTR APA events alter gene expression profiles
To explore the genome-wide effects of APA on gene expression profiles, we divided APA genes into two categories based on their expression levels, highly expressed genes [Z-score of log 2 (PAT) ≥ 2] and the rest, and then calculated the 3 0 UTR weighted lengths of 14 samples of indica ( Figure S12 ). Similar to the observations in japonica (Fu et al., 2016) , highly expressed APA genes preferred to use short 3 0 UTRs compared with genes that were not highly expressed ( Figure S12a ). We also found that the weighted 3 0 UTR lengths of APA genes were different between indica and japonica in 10 samples, such as husk and anther ( Figure S12a ). In addition, highly expressed APA genes used significantly more proximal PACs in four samples, such as dry seed, in both subspecies (Figure S12b) , while those in anther, pistil and mature pollen used fewer proximal PACs than genes with low expression in indica ( Figure S12b ). These results suggest that APA plays substantially different roles in the regulation of gene expression in different tissues and developmental stages.
We further analyzed the 3 0 UTR APA site-switching events with: (i) more than one PAC; (ii) at least one PAC located at a 3 0 UTR; and (iii) at least two PACs with opposite trends of significantly differential expression between indica and japonica. In total, 1836 genes with switched tandem poly(A) sites within a 3 0 UTR were identified with significant differences in the 3 0 UTR length in the same tissue between subspecies (denoted as '3 0 UTR APA site-switching genes'), and 660 genes switched 3 0 UTR poly(A) sites with one within the 5 0 UTR, CDS or introns (denoted as 'non-3 0 UTR APA site-switching genes'). The most frequent APA site-switching events, both 3 0 UTR and non-3 0 UTR, occurred in mature pollen (Figures 3c and S13). We observed distinct global APA site-switching events across developmental stages (Figure 3c ). Compared with japonica, the number of genes with 3 0 UTR shortening was greater than those with 3 0 UTR lengthening in 20-day-old leaf and booting stage samples (60-day-old leaf, stem, root and husk) of indica, while more genes in dry seed and endosperm had a lengthened 3 0 UTR (Figure 3c ). To explore the effects of 3 0 UTR switching events on gene expression profiles, we computed the correlation between the changes in 3 0 UTR length and gene expressions in the 14 samples, and found no obviously negative correlation in any of the samples (Figures S14 and S15).
However, compare to japonica, more genes with a shortened 3 0 UTR were upregulated in indica than those with a (c) Number of 3 0 untranslated region (3 0 UTR) APA site-switching genes in the 14 tissues. Indica shortening represents genes that switched from the distal APA site to the proximal one; indica lengthening represents genes that switched from the proximal APA site to the distal one. (d) Log 2 fold changes in expression levels of 3 0 UTR APA site-switching genes. Log 2 fold changes represent log 2 (gene expression of indica/japonica). The Wilcoxon rank-sum test was applied for log 2 fold changes between 3 0 UTR APA site-shortening genes and site-lengthening genes; *P < 0.05.
© (Figure 3d ). In contrast, more genes with a shortened 3 0 UTR were downregulated in indica in the 60-day-root, pistil and imbibed seed (Figure 3d ). Since 3ʹ UTRs contain miRNA target sites that can affect mRNA stability, we analyzed miRNA target sites in the 3ʹ UTRs of the APA site-switching genes in each sample, and found 104-1609 miRNA target genes with 3 0 UTR shortening and 163-1702 target genes with 3 0 UTR lengthening in the 14 samples ( Figure S16a , Data S2). The target sites for miRNAs in lengthened 3ʹ UTR regions were found to vary greatly in different tissues and developmental stages (Figure S16b) ; this may contribute to the distinct gene expression profiles in different conditions (Figures 3d and S17 ).
Functional consequences of APA site-switching events
We carried out GO and KEGG pathway enrichment analyses for the 3 0 UTR APA site-switching genes to investigate their functional importance in the two subspecies ( Figure S18 , Tables S5 and S6 ). In indica, the 3 0 UTR shortening genes in leaf tissues (including seedling-shoot, 20-day-old and 60-day-old leaf) were exclusively overrepresented in the GO terms involved in plant growth processes, such as lipid metabolic process, photosynthesis and carbohydrate metabolic process ( Figure S18a ). Similarly, KEGG enrichment analysis showed that, in 20-dayold and 60-day-old leaf, genes with a shortened 3 0 UTR were significantly enriched in fructose and mannose metabolism, pentose phosphate pathway, and porphyrin and chlorophyll metabolism (Table S5) . Differently, the 3 0 UTR lengthening genes in the leaf tissues were enriched in the GO terms related to abiotic stimulus responses, localization establishment and cellular homeostasis ( Figure S18b ).
Among the non-3 0 UTR APA site-switching genes, 35 genes were characterized with functions relevant to important rice agronomic traits and stress responses (Table S7) . For instance, in mature pollen, grain number (OsCKX2) and spen-like protein (OsRRMh) had different preferences for intronic or 3 0 UTR sites between indica and japonica (Table S7) . Furthermore, rice disease resistance-related genes, such as rice respiratory burst oxidase homolog (OsrbohA) and rice yellow mottle virus resistance 1 (Rymv1) underwent non-3 0 UTR APA site-switching events in both rice subspecies. We also identified several non-3 0 UTR APA site-switching genes involved in drought and oxygen stress tolerance, such as SNAC1-regulated protein phosphatase (OsPP18) and drought-induced 19 gene (OsDi19-7).
Alternative polyadenylation is prominently involved in the divergence of photosynthesis and stress tolerance in 60-day-old leaf between the two subspecies Among the 14 samples, the APA profile in 60-day-old leaf of indica exhibited dramatic differences from japonica (Figures 2a and 3a-c) . In 60-day-old leaf, four genes with 3 0 UTR APA site-switching events were overrepresented in the pathway of porphyrin and chlorophyll metabolism (Table S5) , which has a strong effect on chlorophyll content and photosynthesis in rice (Zhang et al., 2006 Kusaba et al., 2007; Sato et al., 2009; Kong et al., 2016) . Among them, two genes exhibiting 3 0 UTR shortening in indica, chlorina-9 (Chl9) and yellow-green leaf 8 (YGL8; validated by qRT-PCR in Figure S19a ,c), had significantly higher expression levels than those in japonica (Figure 4a ,c, Table S8 ). Another two genes with a lengthened 3 0 UTR, non-yellow coloring1 (NYC1) and aminotransferase, had significantly lower expression than in japonica (Figure 4a,  d ; Table S8 ). To examine whether there was any difference in terms of the chlorophyll content and net photosynthetic rate, we measured and compared these two physiological characteristics between the two subspecies in 60-day-old leaf. The results showed significantly higher chlorophyll content and net photosynthetic rate in indica than in japonica (Figure 4e,f) .
Another six APA site-switching genes in 60-day-old leaf were observed to participate in the photosynthetic process ( Figure 4a , Table S8 ). Two 3 0 UTR APA site-switching genes encoding Granule-bound starch synthase II (GBSSII; validated by qRT-PCR in Figure S19b ,d) and the small subunit of Rubisco (RBCS4) preferred to use proximal sites and showed higher expression levels in indica than in japonica, whereas the expression of another two genes with a shortened 3 0 UTR, light-induced rice11 (OsLIR1) and albino leaf1 (AL1), was reduced in indica ( Figure 4a , Table S8 ). For the non-3 0 UTR switching genes, the genes white stripe leaf (WSL) encoding pentatricopeptide repeat protein and Dwarf 88 (D88) switched intronic and 3 0 UTR sites between indica and japonica ( Figure 4a , Table S8 ). These findings indicate that the APA site-switching events may be attributed to the differentiation of leaf photosynthesis between the two subspecies.
Furthermore, 22 of the 3 0 UTR APA site-switching genes in 60-day-old leaf of indica were significantly enriched in the GO term response to abiotic stimulus ( Figure S18 ). Among them, the O. sativa ssp. indica stress-associated protein (OsiSAP8) gene and the ascorbate peroxidase 4 gene preferred to use proximal APA sites in indica, which were significantly overexpressed compared with those in japonica (Figure 4a , Table S8 ). However, the expression levels of the genes NAC (OMTN6) gene and heat shock protein (OsHsp23.7; Figure S20b ,d) using proximal APA sites in indica were lower than those in japonica. The downregulated gene rice acyl-CoA oxidase (OsACX1) and the upregulated gene thioredoxin (Trx; Figures 4a and S20a,c) in indica tended to choose distal APA sites. In addition, five 3 0 UTR APA site-switching genes were involved in biotic stress responses (Table S8 ). In particular, TGA factor activity in rice (rTGA2.1) with 3 0 UTR shortening and NPR1-like (OsNPR2; NH2) with 3 0 UTR lengthening were highly Values shown are means AE standard error of the mean from three independent replicates. ANOVA revealed significant difference between indica and japonica. ***P < 0.001; **P < 0.01; *P < 0.05. expressed in indica, whereas the gene encoding the disease resistance protein RPM1 exhibited 3 0 UTR lengthening and extremely low expression in indica compared with those in japonica (Figure 4a ). Together, these results suggest that the APA site-switching events also play an important role in the divergence of the stress response in 60-day-old leaf between the two subspecies.
Polyadenylation factors related to the differential APA profiles
The choice of different poly(A) sites in pre-mRNA, which gives rise to various APA isoforms, is heavily regulated by numerous poly(A) factors . To approach the potential mechanism underlying the differential usage of APA between indica and japonica, we characterized the expression profiles of 19 core poly(A) factors related to mRNA 3 0 end processing, as shown in Table S9 . Of them, two poly(A) polymerase (PAP)-encoding genes, one symplekin-encoding gene and one cleavage factor I 68 (CFIm68)-encoding gene were highly expressed across all the samples in the both subspecies ( Figure 5 ). Compared with japonica, one gene encoding cleavage and polyadenylation specificity factors 100 (CPSF100) showed lower expression level in all 14 samples of indica ( Figure 5 ). In dry seeds, the expression of Fip(V) was 2.1-fold higher in Indica than that in Japonica, which was consistent with the global 3 0 UTR lengthening in indica (Figure 3c ). However, in 60-day-old leaf of indica with global 3 0 UTR shortening, Fip (V), CFIm25-encoding genes and poly(A) binding protein nuclear (PABN)-encoding genes were significantly downregulated in indica ( Figure 5 ). As has been demonstrated, alteration of the expression levels of poly(A) factors can result in different preferential APA site usage Xing et al., 2008b; Thomas et al., 2012; Lin et al., 2017) . The results shown above might be one kind of mechanism by which differential APA between the two species is the result of variable expression of poly(A) factors.
A portal for query and visualization of APA in rice
To facilitate the browsing and comparison of the poly(A) profiles in indica and japonica, we constructed a userfriendly website called RiceAPA (http://bmi.xmu.edu.cn/ricea pa), in which all the original and normalized PAT and PAC data used in this study are presented, and various graphic modules and browsers are integrated to profile genomewide APA sites of different tissues and subspecies in rice.
With RiceAPA, users can interactively select subspecies or tissues of interest and visualize the genes or PACs in an intuitive and efficient manner (Figure 6a ). RiceAPA provides users with multiple ways to plot the location, the usage of PACs within a gene and the details of individual heterogeneous cleavage sites for each PAC. Data tracks of PATs and PACs from different tissues are displayed in sync with tracks of the genome annotation (Figure 6b ). Users can also select tracks of interest for a more intuitive comparison of PACs across multiple tissues or between the two subspecies. In addition, the nucleotide sequence of each gene can be viewed on the result page (Figure 6c) . By clicking on a region or a PAC in the gene model, users can manually inspect the sequence of poly(A) sites in different regions at single nucleotide resolution. All the PATs and PACs can be easily and freely downloaded from the website for further analysis.
DISCUSSION
Different domestication histories and global distributions have given rise to the distinct agronomic traits of the two rice subspecies indica and japonica in terms of both phenotypic characteristics and environmental adaptations. A previous genome-wide study conducted in japonica has demonstrated that APA plays a crucial role in modulating its growth and development (Fu et al., 2016) . However, little is known about differentiation of the APA-mediated regulatory mechanisms and its effects on trait variations between the two rice subspecies. Here, we profiled the genome-wide quantitative atlas of poly(A) site usage in indica across different tissues and developmental stages (Figure 1) , and then performed a comparative analysis with the APA profiles of the corresponding samples from japonica (Fu et al., 2016) . We also constructed a public database (RiceAPA) for convenient searching, visualization and analysis of the poly(A) sites and genes of interest in the two rice subspecies (Figure 6 S2 and S7c). Furthermore, a total of 11 154 DE PACs were identified between the two subspecies, which were significantly enriched in the main rice QTL categories of anatomy, yield and vigor ( Figure S11 ). The majority of the DE PAC genes were mapped to the top five minor QTL traits, including primary branch, plant height, spikelet number, 1000-seed weight and spikelet fertility (Figure 3b ), which are key agronomic traits related to rice yield. The QTLs were reported to be extensively regulated by APA (Fu et al., 2016; Kowalczyk et al., 2017) , which was associated with plant characteristic such as seed dormancy (Kowalczyk et al., 2017) . Indica is distinguished from japonica by varietal differences in morphological and physiological traits, such as productivity, leaf structure, grain size and husk color, and panicle numbers (TsuNooA and Aminul, 1968; Vaughan et al., 2008) . The significantly differential usages of QTLrelated poly(A) sites may be closely implicated in the characteristic differences between the two rice subspecies.
We also found that APA altered the gene expression levels in the rice subspecies by changing the length of the 3 0 UTR (Figures 3d and S12) . In all samples the highly expressed genes were prone with a shorter 3 0 UTR than those genes that were not highly expressed ( Figure S12a ). For 3 0 UTR APA site-switching events, we also found that more genes with a shortened 3 0 UTR in indica were upregulated than those with a lengthened 3 0 UTR in six samples, especially in mature pollen (Figure 3d ). The 3 0 UTR shortening genes that exhibit increased expression levels are widely found in yeasts (Liu et al., 2017) , higher plants (Xing and Li, 2011) and mammals Xia et al., 2014) . This is mainly because the 3ʹ UTR contains many mRNA destabilization elements, such as AU-rich elements and miRNA target sites . The use of proximal 3ʹ UTR sites may lead to the exclusion of these elements, which can enhance mRNA stability and thus increase gene expression (Mayr and Bartel, 2009; Manley, 2013, 2017) . However, in the imbibed-seed, 60-day-root and pistil, more genes that displayed 3 0 UTR lengthening were overexpressed in indica ( Figure 3d) ; this has also been observed in human breast cancer cell lines versus normal cells (Fu et al., 2011) . These results suggest various roles for APA in the regulation of gene expression in different stages and tissues of rice. Here, we found that the classes of miRNAs targeting genes with a lengthened 3ʹ UTR showed tissue or stage specificity ( Figure S16 , Data S2), and the expression profiles of these miRNAs were observed to vary largely in different tissues and developmental stages of rice (Xue et al., 2008) . Moreover, miRNAs were also considered to be paradoxical regulators within transcriptional networks due to their dual functions in gene expression tuning and buffering (Wu et al., 2009) . These results may explain the distinct impacts of APA on mRNA stability, leading to variation of gene expression profiles in different samples of rice. In addition, Spies et al. (2013) identified several novel motifs associated with stabilization of lengthened 3ʹ UTR isoforms in mouse 3T3 fibroblasts, which could offset the effects of known destabilizing elements in 3ʹ UTR. This may provide another plausible explanation for the divergence of APA-mediated gene regulation under different conditions.
Many studies have reported that APA is highly involved in external environmental responses in plants (Shen et al., 2011; Thomas et al., 2012; de Lorenzo et al., 2017; Hong et al., 2018) , for example the generation of more non-canonical APA sites under hypoxia stress in Arabidopsis (de Lorenzo et al., 2017) . In rice, the reduction of core poly(A) factors such as CstF77, ESP1, CPSF100 and CPSF73 suppresses the polyadenylation of long non-coding RNAs in response to drought and salt stress (Yuan et al., 2017) . Our results indicated that subspecies-specific usage of APA sites largely contributed to the differential stress and defense tolerance of indica and japonica (Figure 2) . Indica-specific PACs were enriched in the GO terms of responses to biotic and abiotic stresses (Figure 2c ). Among them, R genes, which confer plant disease resistance, displayed a preference for the use of CDS APA sites in indica, but 3 0 UTR APA sites in japonica (Figure 2d ). R genes have been reported to produce alternative transcripts with various 3 0 UTR lengths in an APA-regulated manner, affecting plant disease resistance (Tan et al., 2007) . One of these R genes, Xa1, was responsive to bacterial blight resistance in rice (Yoshimura et al., 1998) , which uniquely used the CDS poly(A) site in indica but the 3 0 UTR site in japonica (Figure 2e) . Use of the CDS-APA site may lead to the generation of transcripts without a stop codon that were rapidly degraded or translated into truncated proteins to affect gene expression (Vasudevan et al., 2002; Yao et al., 2012) . Here, we found that indica suffered greater damage from Xoo infection than japonica (Figure 2f ), which is consistent with a previous observation that the indica variety Minghui63 is more sensitive to bacterial blight than the japonica variety Nipponbare . Moreover, rTGA2.1, which has a negative role in rice basal defense responses to Xoo (Fitzgerald et al., 2005) , was found to be a 3 0 UTR shortening gene and highly expressed in indica (Figure 4a ; Table S8 ). Moreover, the gene encoding the disease resistance protein RPM1 exhibited 3 0 UTR lengthening and extremely low expression in indica compared with japonica ( Figure 4a , Table S8 ). These results suggest that the involvement of APA in defenserelated genes may be relevant to a lower resistance to bacterial blight in indica than in japonica.
Compared with indica, japonica is typically cultivated in high-altitude regions and exhibits a higher chilling tolerance (Zhang et al., 2016) . In this study, we found that genes with japonica-specific PACs were overrepresented in pathways of GSH metabolism and biosynthesis of its precursor ( Figure 2g ). Glutathione is crucial for plant chilling tolerance and cold acclimation by reducing the accumulation of reactive oxygen species (Kocsy et al., 2001; Haddad and Harb, 2005) . In japonica, two genes encoding GR3 and GSS with japonica-specific APA sites displayed high expression, which could increase its GSH content (Wu et al., 2015) , as well as antioxidant ability in japonica under cold stress . These results indicate that APA-mediated GSH metabolism may play an important role in the adaptation of japonica to climates with extreme temperates. In contrast, indica grows in tropical and subtropical areas at low altitudes (Zhang et al., 2016) . Correspondingly, several genes encoding HSPs, such as OsHSP80.2 and OsHSP40, had indica-specific PACs and were highly expressed in indica (Table S3) . Heat shock proteins act as molecular chaperones in protein folding and perform a fundamental role in protecting plants against heat or drought stresses (Von Koskulldoring et al., 2007; Wang et al., 2014) . Thus, the enhancement of HSPs may contribute to the relatively high level of heat tolerance in indica (Wang and Li, 1997) . Our results imply that APA may act as a regulatory mechanism for tuning the different climatic adaptations in the two rice subspecies.
Leaves are one of the key organs that significantly affect growth and development, and determine grain yield in rice (Singh and Ghosh, 1981; abdalla basyouni Abou-khalifa et al., 2008) . Among the 14 samples, we found that the leaves of the booting stage showed the largest differences in APA site usage between indica and japonica. Comparatively, the 60-day-old leaf contained a higher abundance of 3 0 UTR PATs and PACs in indica than japonica (Figures 2a and S7c) . Moreover, among all the samples most DE PACs were identified in 60-day-old leaf ( Figure 3a) , and the vast majority of DE PAC genes were distributed in the yield-related QTL traits (Figure 3b ). These results demonstrate that APA may play an important role in the variance of the booting stage leaves between subspecies. Furthermore, 60-day-old leaf contained more genes with 3 0 UTR shortening than 3 0 UTR lengthening in indica compared with japonica (Figure 3c ). This is possibly associated with the low expression of CFIm25 and PABN in 60-day-old leaf of indica (Figure 5 ). CFIm25 and PABN were both reported to repress cleavage at proximal poly(A) sites, thereby their suppression results in global 3 0 UTR shortening via the preferential usage of 3 0 UTR proximal poly(A) sites (Jenal et al., 2012; Elkon et al., 2013) . In 60-dayold leaf, more genes with a shortened 3 0 UTR in indica were upregulated relative to 3 0 UTR lengthening genes (Figure 3d) . The 3 0 UTR shortening genes were significantly enriched in GO terms and pathways related to photosynthesis and sugar metabolic processes ( Figure S18a ), which play key roles in controlling plant growth, development and crop yield (Yamori et al., 2016; Cowan, 2017) . In comparison to japonica varieties, genes involved in sucrose metabolic process have been found to be overexpressed in indica varieties (Nguyen et al., 2015) . Indica has been shown to have a higher growth rate and yield potential than japonica (Eizenga et al., 2006; Zhang et al., 2013) . Therefore, 3
0 UTR shortening events in 60-day-old leaf with upregulated expression of genes involved in growth processes in indica may contribute to the higher growth rate and yield potential compared with japonica.
Furthermore, chlorophyll content and photosynthesis in leaves are the most important physiological traits because of their close relationship to rice yield. Higher leaf photosynthetic rates and chlorophyll contents have been found in the new high-yielding rice varieties than in the low-yielding lines (Peng et al., 2008) . In this study, the most noticeable change in APA was observed in the pathway of porphyrin and chlorophyll metabolism, where Chl9 and YGL8 exhibited 3 0 UTR shortening and high expression in indica compared with japonica (Figure 4a,c) . Both genes encode the key catalytic subunit of two essential enzymes for chlorophyll biosynthesis and chloroplast development, and their enhanced expression can promote the chlorophyll content and photosynthetic efficiency in rice (Zhang et al., 2006 Kong et al., 2016) . Correspondingly, in indica, the chlorophyll content and net photosynthetic rate in 60-day-old leaf were significantly higher than in japonica (Figure 4e,f) . Moreover, in 60-day-old leaf, NYC1, which encodes a chlorophyll b reductase that catalyzes the first step of chlorophyll b degradation, had a lengthened 3 0 UTR and lower expression level in indica (Figure 4a,d) . Suppression of NYC1 also increases the chlorophyll content in rice (Sato et al., 2009) . The gene expression changes of these three genes greatly affect rice phenotypic characteristics, such as tiller number, seed setting rate and 1000-grain weight by regulating chlorophyll accumulation (Kusaba et al., 2007; Sato et al., 2009; Zhang et al., 2015 Zhang et al., , 2016 Kong et al., 2016) . Thus, the positive regulation of APA in the porphyrin and chlorophyll metabolism pathways may explain the higher chlorophyll content and leaf photosynthesis in indica than in japonica, leading to a differential growth rate and yield potential.
Additionally, in 60-day-old leaf, several other genes with differential APA usage in the two subspecies were also found to be involved in phenotypic variation or biotic and abiotic stress responses in rice. For instance, D88 and WSL preferred the intronic poly(A) sites in indica but 3 0 UTR sites in japonica (Figure 4a , Table S7 ). D88, encoding a putative esterase, negatively regulates tiller number, rice shoot branching and panicle structure via the strigolactone signal transduction pathway (Gao et al., 2009; Peng et al., 2014; Zhao et al., 2014) . WSL is characterized as a nuclear-encoded plastid RNA splicing factor that affects chloroplast development and responds to ABA, sugar and salinity stresses by regulating the splicing of chloroplast transcript rpl2 (Tan et al., 2014) . The use of intronic APA sites could alter mRNA stability and protein synthesis through the nonsense-mediated mRNA decay pathway (Hogg and Goff, 2010; Hwang and Maquat, 2011) , which is a pivotal post-transcriptional regulatory mechanism that removes non-functional transcripts and tunes gene expression (Maquat, 2004; Arciga-Reyes et al., 2006) . Moreover, APA site-switching events in 60-day-old leaf were significantly enriched in GO terms of response to stress ( Figure S8a) , among which OsiSAP8 with 3 0 UTR shortening displayed elevated expression in indica versus japonica ( Figure 4a , Table S7 ). The overexpression of Osi-SAP8 enhanced the tolerance of indica to salt and drought stresses (Kanneganti and Gupta, 2008) . Thus, the differential APA usage in key functional genes may affect the difference in agronomic traits and stress response in the two rice subspecies. Together, our results indicate that APA in leaves of indica and japonica may play an important role in driving the differentiation of rice subspecies. In summary, our findings systematically depicted the different APA profiles of the two rice subspecies, indica and japonica, across 14 distinct tissues and developmental stages, and revealed APA-modulated post-transcriptional regulatory mechanisms underlying variance in disease and stress responses and yield-related traits between the two subspecies. We further identified massive APA genes (and exhibited them through the RiceAPA web interface) which are responsible for the diversity of important agronomic traits in rice subspecies, facilitating future functional studies of APA and rice cultivar breeding.
EXPERIMENTAL PROCEDURES Plant materials, PAT-seq library construction and sequencing
Oryza sativa ssp. indica cv. 93-11 was cultivated, and a total of 14 samples were collected from 12 tissues across six key developmental stages, including germinating seeds (24-h imbibed), leaves and roots from the seedling stage (5 days after imbibition), leaves from the tillering stage (20 days after transplant), leaves, roots, stems, husk, pistil and anthers from the booting stage (60 days after transplant), mature pollen from the heading stage, and dry-seeds, embryo and endosperm from the mature stage (Figure 1 , Table S1 ); these were matched to the samples sequenced in japonica by Fu et al. (2016) . Each sample was collected three times from different individuals as biological replicates. All the harvested materials were immediately frozen in liquid nitrogen and stored at -80°C for RNA extraction. Total RNA extraction and 42 cDNA libraries of PAT-seq were implemented and examined as described previously Fu et al., 2016) . Libraries were sequenced on the Illumina HiSeq2000 platform. All the PAT-seq raw reads of indica were deposited in the NCBI Sequence Read Archive (SRA) under accession number SRP136202. Sequences of 42 PAT-seq libraries (including three biological replicates for each of the 14 samples) of O. sativa ssp. japonica cv. Nipponbare were downloaded from the NCBI database (accession number SRP073467) (Fu et al., 2016) .
Data processing of PAT-seq to extract poly(A) sites in indica and japonica Poly(A) sites were obtained following the previously described pipelines Fu et al., 2016) . First, we removed lowquality raw reads and then trimmed sample barcodes and poly(T) sequence from the beginning of each read. Using Bowtie 2 (Version 2.1.0) (Langmead and Salzberg, 2012) , clean reads of each indica library were mapped to the indica cv 93-11 genome (ASM465v1), while reads from the libraries of japonica were aligned to the japonica cv. Nipponbare genome (MUS 7.0) . Only uniquely mapped reads (PATs) were chosen for the downstream analysis. Internal priming artifacts were filtered out to reduce the genomic noise for poly(A) site identification. Based on the genomic locations of PATs, we calculated the distribution percentage of PATs (PAT%) in different genomic regions, including the 3 0 UTR, 5 0 UTR, promoter, CDS, intron and intergenic region, in all 14 samples of the two subspecies, respectively.
Comparative analysis of the genome-wide poly(A) sites between the two subspecies
To compare the poly(A) sites of orthologous gene between the two subspecies, we converted the PAT coordinates from the samples of indica into the japonica genome using a previously described method (Derti et al., 2012) . The genome sequences of both subspecies were first split into 1 million fragments, and then aligned to each other using BLAT (Kent, 2002) . Fragment coordinates generated by BLAT were converted into the japonica reference coordinate system by liftUp (Kent et al., 2003) . Aligned fragments were concatenated into continuous alignments using axtChain, and then merged and sorted using chainMergeSort and chainNet, respectively. Finally, coordinates of PATs in indica were transformed into the japonica genome by liftOver (Kent et al., 2003) .
Based on the transformed coordinates, PATs of the two subspecies lying within 24 bp on the same strand were clustered into one PAC (Vinciguerra and Stutz, 2004; Wu et al., 2014) . To improve the annotation of poly(A) sites falling in authentic 3 0 UTRs, we extended the annotated 3 0 UTRs by 300 nt for genes with annotated 3 0 UTRs; genes without annotated 3 0 UTRs were extended to 648 nt, which was equal to the average length of the annotated 3 0 UTRs (348 nt) in rice plus the extended length of 300 nt. For each PAC, its coordinate was represented by the position with the greatest number of PATs, and its expression level was calculated by the total counts of the internal PATs. To eliminate the potential bias caused by low PAT density, we filtered PACs using the following criteria as described in Fu et al. (2016) : (i) PAT count within a PAC ≥ 30; (ii) intergenic PACs with ≥ 1 PAT in ≥ 15 libraries or ≥ 3 PATs in ≥ 6 libraries; (iii) PACs located in a genomic region with ≥ 10 total counts of PATs and ≥ 3 PATs in at least one library, accounting for ≥ 15% of PATs in its gene or ≥ 3% of PATs in ≥ 15 libraries. The number of PATs within each PAC was further normalized across different libraries by applying a normalization factor derived from DESeq (version 1.16.0) (Anders and Huber, 2010) . The expression level of each gene was computed by the total PAT count of all PACs included within it, and an average was determined for the three biological replicates.
Identification of subspecies-specific PACs and evolution analysis of commonly expressed PACs A PAC was considered to be subspecies specific if it was exclusively expressed in one subspecies or the log 2 -tranformed PAT count in one subspecies was at least five times larger than that in the other subspecies. For PACs expressed in both subspecies, the average expression levels of PACs from the three biological replicates of each sample were used to calculate the Pearson's correlation coefficients for every pair of samples. Then, we performed PCA of the commonly expressed PACs using the prcomp function from the R package stats across all samples. The R package Scatterplot3d (Ligges and M€ achler, 2002) was employed to visualize the first three components.
Detection of significantly differentially expressed PACs and APA site-switching events between indica and japonica across 14 samples Differentially expressed PACs were identified between the two subspecies using the DEXSeq package (Anders et al., 2012) in each pair of matched samples, in which PACs with an adjusted P-value < 0.001 were considered to be significantly differentially expressed (denoted as 'DE PAC'). Among the APA genes, 3 0 UTR and non-3 0 UTR APA site-switching events were detected in the two subspecies as described by Fu et al. (2016) . For each 3 0 UTR APA site-switching genes, genes with a longer 3 0 UTR in indica than in japonica, were denoted as '3 0 UTR lengthening', while those having a shorter 3 0 UTR in indica were considered as '3 0 UTR shortening' in this study. The correlation analysis between 3 0 UTR length change and gene expression change was as described by Fu et al. (2011) . For the miRNA target prediction, we first extracted 3 0 UTR region sequencing of 3 0 UTR APA site-switching genes from the japonica genome file, and then employed psRNATarget (Dai and Zhao, 2011) to predict the potential miRNA target sites in these candidate 3 0 UTR sequences.
Quantitative trait locus and functional enrichment analysis
Quantitative trait locus enrichment analysis was performed for the genes with DE PAC(s) in each pair of matched samples between the two subspecies, following the same pipeline described by Fu et al. (2016) . Briefly, rice QTL data were obtained from Gramene (http://www.gramene.org). The QTL data were pre-processed as in Fu et al. (2016) , and 1590 QTLs from nine categories of the 198 QTL traits were retained. In each sample, the number of DE PACs in all nine QTL categories was counted, and enrichment analysis was conducted between QTLs and control regions, which were randomly selected from genomic regions preserving the same number and length as the QTLs but not hosting any QTLs. Fisher's exact test was performed to examine the statistical significance. This process was repeated 10 times, and a QTL that was significantly enriched in all trials (P-value < 0.1) was considered as a QTL enriched for DE PACs. Gene annotations of japonica were collected from the Rice Genome Annotation Project. A GO enrichment analysis was implemented for the subspecies-specific PAC genes and 3 0 UTR APA site-switching genes using the R package GOstats (Falcon and Gentleman, 2007) with all the genes expressed in our PAC datasets as the background. Those GO terms with a corrected P-value < 0.05 were regarded as significantly enriched. The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways enrichment analysis was carried out using the R package ClusterProfiler (Yu et al., 2012) , and pathways with a P-value < 0.05 were considered to be significantly enriched.
Measurement of physiological data and qRT-PCR confirmation
Indica and japonica were artificially infected with the Philippines' representative strain of Xoo, PXO99A, to evaluate resistance to bacterial blight, as described previously (Yang and Bogdanove, 2013) . Moreover, to detect the differences in chlorophyll biosynthesis and photosynthesis in leaves of the booting stage between the two subspecies, chlorophyll contents were measured in 60-day-old leaves in the two subspecies following the method described by Ni et al. (2009) and the net photosynthetic rate was monitored using the Li-6400XT Portable Photosynthesis System (Li-Cor, https://www.licor.com/). Total RNA was extracted from the infected 60-day-old leaves, and qRT-PCR validation was performed for the poly(A) sites in the genes Xa1, YGL8, GBSSII, OsHSP23.7 and Thx on an iCycler (ICycler, Bio-Rad, http://www.bio-rad.com/) using SYBR green PCR master mix following a previously described method (Smibert et al., 2013) . All primer sequences in this study are shown in Table S10 .
Implementation of the RiceAPA website
The front-end layout of the RiceAPA website was constructed using hypertext markup language and cascading style sheets technologies on a Twitter Bootstrap framework, which can automatically adjust and adapt to the screen sizes of different devices. We used jQuery (http://jquery.com), JavaScript library and AJAX (Asynchronous Javascript and XML) to implement the dynamically interactive front-end interfaces. Open source plug-ins, such as dtree (http://www.destroydrop.com/javascripts/tree/), DataTables (https://www.datatables.net/) and Highchart (http://www.hcha rts.cn/), were also used to better display of the data. JBrowse (Skinner et al., 2009 ) was employed for the dynamic view of poly (A) sites synchronously with genomes and annotations at the entire genome level. The back-end database was constructed in MySQL. The alignments and filtered poly(A) sites for the two rice subspecies are available at the RiceAPA website: http://bmi. xmu.edu.cn/riceapa/index.html.
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